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Early phases in the planning of this project explored how cooperative vehicle-to-infrastructure systems might best be used to affect driving safety and reduce congestion and determined that freeway end-of-queue crashes were a significant problem that could be addressed by such a system. An analysis of San Francisco Bay Area freeway crashes yielded 13 sites that might benefit from a vehicle-toinfrastructure system targeted at reducing rear-end crashes. Detailed examinations of each of the sites resulted in a determination that safety may be enhanced by making drivers more aware of the hidden or un expected end of the queue (1). This conclusion is consistent with other research suggesting that freeway rear-end collisions tend to occur in extended stop-and-go traffic or at end-of-queue locations (2) . To address these situations, this research project sought to implement and test an advanced driver assistance system (ADAS) capable of providing drivers with real-time, soft safety alerts designed to promote a driver's situational awareness and reduce the risk of freeway end-of-queue crashes.
As far back as the 1960s, numerous studies have tried to determine the contribution of speed to the likelihood of a crash, and these studies have taken two general approaches: the examination of a single vehicle speeding and the examination of a distribution of speeds in a traffic stream (3) . Several studies using this latter methodology This paper presents the final results of a connected-vehicles field experiment conducted under the U.S. Department of Transportation's SafeTrip-21 Initiative. A real-time freeway end-of-queue alerting system was developed and tested at 3,400 locations along San Francisco Bay Area freeways in California. The Networked Traveler Foresighted Driving Advanced Driver Assistance System, which used vehicle-to-infrastructure communication, provided drivers with an auditory alert when they approached slow traffic ahead on a freeway to improve the driver's situational awareness. The system was not a last-second collision warning; rather, it was designed to provide soft safety alerts approximately 60 s before the driver reached the slowed traffic. Twenty-four drivers participated in the experiment, and each was given an instrumented vehicle for 2 weeks. During the first week, the alerting system was active but muted, providing a measure of baseline driving behavior. During the second week, auditory alerts sounded whenever the driver approached traffic moving at least 15 mph slower. The desired outcome was an increase in driver situational awareness resulting in a smoother transition into the end of the queue and a reduction in the risk of rear-end crashes. Drivers rated the majority of alerts as either good or neutral and found the system most useful when they encountered an unexpected traffic queue. Several driving performance metrics were also examined. In addition to a smoother deceleration profile, the auditory alerts provided a small but significant reduction in mean peak deceleration rates during morning and off-peak travel as compared with baseline conditions. Currently, drivers receive general traffic information about congestion through the Internet, radio broadcasts, or traffic information hotlines; however, the information typically given can be fairly general, providing rough congestion locations, travel times, and incidents. Furthermore, since broadcast traffic updates typically occur at 5-to 30-min intervals, the traffic information may not be actionable by the driver. Although pretrip and current en route traffic information may influence a driver's strategic decision making (such as choice of travel mode, route, or time of departure), the information provided established that a U-shaped curve best describes the incidence of crashes as a function of the deviation from the average traffic speed, and crashes were most likely to occur when deviations from the average traffic speed exceeded 15 mph (4) (5) (6) (7) (8) . As the variability of the speed across a roadway increases, so does the crash rate. More recently, researchers examining an Oregon freeway found a clear correlation between the standard deviation (SD) of speed across a roadway (measured by in-pavement loop detectors) and the resulting crash risk (9) . Each 1-mph increase in this SD (averaged across the day) increased the crash risk odds ratio by 8.4%. On a typical day along the freeway corridor, the SD of speed was about 5 mph, and this corresponded to an odds ratio of 1.49 compared with an ideal day when there was no speed variance.
Most freeway end-of-queue studies are based on correlating macroscopic traffic flow with the incidence of crashes, but what these studies lack is a correlation between the incidence of crashes and the microscopic view of an individual driver controlling an individual vehicle within the traffic flow. Although it is understood that rapid changes in freeway speed lead to an increased incidence of rear-end crashes across the roadway, it is not well understood what the relationship is between an individual driver's behavior and the crash risk because the collection of driving behavior data on a microscopic scale has only recently begun. The 100-Car Naturalistic Driving Study performed by the Virginia Tech Transportation Institute was the first passenger-vehicle study of this kind, and although this study did not focus on freeway end-of-queue crashes, over 93% of the rear-end collisions observed were related to some form of driver distraction (10) . With similar data collection methods and a broader perspective, the literature in the field of driver monitoring systems established that aggressive driving, hard accelerations and decelerations, and high-g maneuvers are directly correlated with an individual's crash risk (11) (12) (13) (14) .
The literature provides three ideas on how a foresighted driving ADAS might reduce end-of-queue, rear-end crashes. First, from the traffic engineering literature, minimizing the speed differentials of the vehicles in the traffic flow may reduce crash risk. Second, from naturalistic driving studies, increasing the driver's expectation of a speed change may reduce the chance that the driver will be distracted when he or she encounters an end of the queue. Finally, from the driver monitoring literature, there is a notion that smoother driving is associated with lower crash risk. The ADAS design and evaluation described in this paper is based on these three ideas.
Method experimental design
The experiment conducted sought to test whether providing drivers with a "slow traffic ahead" alert would influence driving behavior and potentially reduce the probability of an end-of-queue crash. The experiment utilized a naturalistic, on-the-road, case-control design, similar to the experimental design used in most ITS and automotive safety system field operational tests such as the automotive collision avoidance system and the integrated vehicle-based safety systems projects (15, 16) . The participants were recruited from the general public and loaned an instrumented test vehicle equipped with the alert system to drive for 2 weeks without an experimenter present.
During the first week, the audible alerts were disabled to provide baseline data. During the second week, the audible alerts were enabled to provide for a comparison with the baseline. Three factors were manipulated in this experiment: driver sex, the absence or presence of the alert, and the time of day of the alert. From a statistical standpoint, the experiment utilized a repeated-measures design with driver sex as a between-subjects factor and alert presence and time of day as within-subjects factors.
test Participants
The experiment sample was composed of 24 participants, 12 women and 12 men with ages ranging from 23 to 61 and a mean of 42 (SD = 10.5). Older and younger drivers were not considered in this study since drivers in these age groups were unlikely to have daily freeway commutes. Participants were recruited from the general public by using websites, e-mail lists, and word of mouth, and all of the participants had a clean driving record for at least 3 years with no record of driving under the influence. The self-estimated annual average mileage of the participants ranged from 10,000 to 30,000 mi per year with a mean of 18,200 mi (SD = 5,000). The mean daily commutes of the participants in the study ranged from 25 to 61 min with an overall mean of 42.6 (SD = 9.2) min. Participants received $100 as incentive pay and were reimbursed for fuel.
test equipment
The Networked Traveler Foresighted Driving ADAS was designed with the intention of providing in-vehicle, soft safety, audible alerts to drivers approaching a freeway end-of-queue scenario. Although no clear definitions have been published, the term "soft safety" has begun to emerge in the literature to describe the types of systems and alerts provided to drivers when a threat is emerging but no immediate action is required to prevent a crash (17) (18) (19) . Much like an advanced warning sign on a highway, the goal of a soft safety system is to provide drivers with enhanced situational awareness or foresight into near-future driving conditions.
The architecture of the foresighted driving ADAS was based on a client-server model. Real-time traffic data from two sources, Navteq and SpeedInfo, were aggregated and processed by a server at the California Partners for Advanced Transportation Technology (PATH) server dedicated to the project, and the data were used to populate a database of 3,400 virtual roadway trigger points along San Francisco Bay Area freeways. The trigger points were generally placed about 60 s upstream (at the nominal roadway speed limit) of the roadway sensor locations provided in the traffic data feeds. Each trigger-point database entry contained the Global Positioning System location, the speed of the downstream traffic, and the direction of downstream travel. This database formed the basis of a web service provided to the client test vehicles.
The vehicle-based clients transmitted the vehicle's current Global Positioning System location to the server over a 3G data modem every 20 s. The server responded with a list of the trigger points relevant to the vehicle's current path. The in-vehicle alert system client was then responsible for deciding whether an audible alert should be given to the driver passing each virtual trigger point; the decision was based on the difference between the vehicle's current speed and the speed of the traffic ahead. If the speed of traffic ahead was moving at least 15 mph slower than the driver's current speed, the system muted the vehicle's stereo system and announced "slow traffic ahead, XX mph," where XX indicates the speed of traffic ahead rounded to the nearest 5 mph. There was no visual display of the alert information, and alerts were not given if traffic was moving at speeds greater than 50 mph. After an alert was given, the system would mute subsequent alerts for 2 min in order to avoid giving multiple alerts for the same traffic slowdown in areas where trigger points were closely spaced.
Four instrumented test vehicles were equipped for this study: two Nissan Altimas and two Audi A3's. Each vehicle was equipped with a data acquisition system that also served as the platform for the foresighted driving ADAS. The data acquisition system recorded the driver's accelerator, brake pedal, speed, and turn signals from the vehicle's controller area network bus at 20 Hz. Each vehicle was also equipped with a 3G data modem, differential Global Positioning System, three-axis accelerometer and yaw rate sensors, a forwardlooking EVT-300 radar, and three video cameras (forward, rear, and driver). The video data recorded during the study were to doublecheck the sensor data and provide context during alert events. Not all of the video was reviewed during the analysis; rather, the video was examined only when the traffic situation was unclear on the basis of the other sensor data.
test Procedure
Recruitment began with a short phone interview followed by a California Department of Motor Vehicles records check to determine a candidate's eligibility. The experiment started on a Saturday morning at California PATH's Richmond Field Station facility with driver orientation and vehicle checkout. The experiment ended 2 weeks later on a Saturday morning with vehicle return and a participant debriefing session. The orientation generally lasted about an hour. It covered informed consent and a video records release, a brief description of the project, and a demonstration of the foresighted driving ADAS. Participants also registered an account on a project website where they could view any audible alerts received and rate or comment on each individual alert. The orientation ended with the assignment of a test vehicle to the participant.
Once the participant left the orientation, they were free to drive the test vehicle as their own for the next 2 weeks. However, some restrictions were placed on the vehicle use. The participant could only carry family members as passengers, and all participants were asked to pledge restraint from using a cell phone while driving in the test vehicle. (The first restriction came from the University of California's Risk Management Department, and the second restriction was requested by the project sponsors.)
During the first week of the test, the vehicle data acquisition system recording driving data and the ADAS calculated and recorded alert conditions, but audible alerts were not provided to the driver. On the second Saturday morning of the study, the ADAS audible alerts were automatically enabled on the first trip of the day. During this second week, participants were free to use the study website to comment on any alerts they had received. Some participants rated their alerts daily from home or work, and others only visited the website once or twice during the study.
On the morning of the third Saturday, the participants returned the vehicles to the Richmond Field Station. They were offered a last chance to log into the website and rate alerts before participating in an exit interview. The exit interview was conducted by an independent evaluator, and those results can be found in a separate report (20) . The participants were then thanked and paid.
Results overview
The project recorded over 1,500 vehicle trips with relevant, analyzable data including 766 during baseline weeks and 782 during ADASenabled weeks. There were means of 31.9 (SD = 10.0) baseline trips and 32.6 (SD = 11.4) ADAS-enabled trips per participant. After filtering for false alarms, the data analysis was based on 405 baseline and 406 audible alerts with means of 16.8 (SD = 9.0) baseline and 16.9 (SD = 10.2) audible alerts per driver. Although the statistical techniques used in this analysis account for variations in driver repetitions, it should be noted that two of the drivers experienced alert rates of fewer than one per day, and five more experienced alert rates of fewer than two per day. Approximately 39% of the alerts occurred during morning commutes, 41% during evening commutes, and 20% during off-peak hours (defined as 10:30 a.m. to 3:00 p.m. and 7:30 p.m. to 6:00 a.m.).
The ultimate goal of this study is to determine whether providing drivers with the foresighted driving ADAS alerts would result in a reduction in end-of-queue crashes. However, given the scope of the study, crash rates could not be studied directly, and thus success is defined as finding a positive and measurable change in driver behavior between the baseline and alert conditions by using surrogate metrics that are believed to be related to driving safety. For each metric, the period of analysis begins at the point where the audible alert is issued to the driver (or where the audible alert would have occurred during the baseline events), and it continues until the vehicle reaches the targeted alert speed. The mean period of analysis in the data set is 66.3 s (SD = 40.9 s), and the maximum period of analysis is 3 min. The driving performance metrics are computed over the period of analysis and analyzed by using a repeated-measures (mixed model), generalized linear model in the SPSS statistical software package. The five surrogate safety metrics examined are 1. Deceleration as a result of active braking (versus deceleration as a result of coasting), 2. Amount of coasting before active braking, 3. SD of speed divided by root mean square error (RMSE) of deceleration profile, 4. Peak deceleration rate, and 5. Mean deceleration rate.
The first two metrics examined, percent of deceleration due to active braking and the amount of coasting before active braking, represent novel metrics; they are not standard metrics found elsewhere in the literature. These metrics are proposed by the authors specifically for this study since they would be consistent with a smoother braking profile into the end of the queue. However, no significant differences in either of these metrics exist across any of the factors examined in the study. Across all conditions, 80.7% (SD = 43.9 percentage points) of the deceleration is due to active braking by the driver, and in each case, the majority of the coasting occurs before the start of braking. The rest of the results section focuses on the remaining metrics, where significant differences related to the audible alerts were found.
RMse of deceleration Profile
The SD of speed is a metric widely used in both the traffic engineering literature and the driver distraction literature. However, in the traffic engineering literature, the SD of speed represents observations of multiple vehicles passing a fixed point on the roadway, whereas the data available in this study are the speed profiles of individual vehicles decelerating into the end of the queue. Although this is similar to the way that SD of speed is used in the driver distraction literature, there is one key difference: in the driver distraction literature, one of the driver's goals is to maintain a fixed speed. In Figure 1 , two hypothetical deceleration profiles are examined: a hard deceleration (0.4 g) and a smooth deceleration (0.05 g) from 65 to 30 mph. Computing the SD of the vehicle speed over the 30-s event results in 7.1 mph for the hard deceleration case and increases to 10.1 mph for the smooth deceleration case. Since it is possible for the SD of a smooth deceleration speed profile to be greater than that of a hard deceleration speed profile, the SD is simply not the correct metric for measuring the smoothness of a deceleration profile over a change in velocity.
However, there is a metric that is similar to the SD, the RMSE, which is more applicable to the data collected in this study. The RMSE was calculated on the basis of the deviations of the speed profile from the ideal, minimum required deceleration. Thus, a lower value for the RMSE would indicate a smoother deceleration profile (also shown in Figure 1 ). The statistical model that was used for this analysis examined driver sex, alert presence, time of day, and all of the two-way interactions, but the only significant effect in the model is the absence or presence of the audible alert (Wald χ 1 2 = 6.292, p = .01). The presence of the audible alerts reduces the RMSE from 8.9 (SD = 4.6) mph in the baseline condition to 8.1 (SD = 4.5) mph, indicating that the deceleration profiles are slightly smoother when the audible alert is present.
Peak Deceleration Rate
The peak deceleration rate was computed by using the differentiation of vehicle speed, and it was verified with the instrumented vehicle's accelerometer when available. The peak deceleration rate as computed for this metric represents a momentary peak and does not represent a sustained deceleration rate. Furthermore, the peak deceleration rate is modeled by using an assumption of an underlying gamma distribution (with a logarithmic link function), and the minimum required deceleration rate is used as a covariate in the model to account for the variability in the trial speed differences and the variability in the alert timing. Thus, the statistical model included sex, alert presence, time of day, minimum required deceleration, and all of the two-way interactions.
The primary significant factor influencing the drivers' peak deceleration rates is the covariate, the minimum required deceleration (Wald χ 1 2 = 92.877, p < .001). As shown in Figure 2 , because the trial condition requires greater speed drops over shorter periods of time, there is a correlation between the minimum required deceleration rate and the peak observed deceleration rate. However, there are many cases in which the minimum required deceleration rate is low but the peak observed deceleration rates are high. These cases could represent situations in which the driver was surprised by the traffic slowdown, or they could represent situations in which the driver was simply reacting to a lead vehicle deceleration.
Although there is an overall reduction in the mean peak deceleration rate because of the presence of the ADAS audible alerts from 0.215 g (SD = .097) in the baseline condition to 0.202 g (SD = .089) in the audible alert condition, the effect is not statistically significant (Wald χ 1 2 = 2.270, p = .132). However, there is a significant interaction between the alert presence and the time of day (Wald χ 2 2 = 7.015, p = .03). As shown in Figure 3 , the interaction between the presence of the audible alert and the time of day is both subtle and complex. Based on a pairwise comparison of estimated marginal means, the audible alert significantly reduced the mean peak deceleration rate only during the morning commutes and the off-peak hours. During the evening commutes, there is no significant difference between the baseline and the alert conditions. 
Mean deceleration Rate
Similar to the peak deceleration rate metric, the mean deceleration rate was based on deceleration derived from the differentiation of vehicle speed, and it was verified by using the instrumented vehicle's accelerometer when available. The mean deceleration rate was computed as a time-weighted average of the vehicle's instantaneous deceleration rate, ignoring any time periods when the vehicle was not decelerating. Thus, the mean deceleration rate will exceed the minimum required deceleration rate if the vehicle spends any time coasting at a constant speed or reaccelerating. A greater mean deceleration rate corresponds to a more abrupt speed profile over the entire course of slowing down to the queue as opposed to the instantaneous measurement of the peak deceleration rate. The mean deceleration rate is modeled by using an assumption of an underlying gamma distribution (with a logarithmic link function), and the minimum required deceleration rate is used as a covariate in the model to account for the variability in the trial speed differences and the variability in the alert timing.
Similar to the analysis of the peak deceleration rate, the mean deceleration rate is significantly correlated with the covariate, minimum required deceleration rate (Wald χ 1 2 = 573.238, p < .001). The main effect of the audible alert is again not significant, but there are significant interactions between the alert presence and both the time of day and the minimum required deceleration covariate (Wald χ 2 2 = 7.021, p = .03 and Wald χ 1 2 = 8.961, p = .003, respectively). The significant interaction between the alert presence and the time of day is shown in Figure 4 . Based on the statistical significance of pairwise comparison tests of the marginal means, the alert is again only effective at reducing the mean deceleration rate during morning and off-peak travel. The difference between the baseline and alert conditions during the evening commute is not statistically significant.
The interaction shown in Figure 5 between the alert presence and the minimum required deceleration is again subtle, but it can be seen by comparing the projected slopes of the regression trend lines for the baseline and alert conditions. As the minimum required deceleration rate increases (more deceleration was required in a shorter amount of time), the audible alerts become more effective at reducing the mean deceleration rates as compared with the baseline condition.
driver surveys
Of the 406 audible alerts included in the analysis, the drivers provided ratings and comments for 327. The web-based survey asked for an overall alert rating (good, neutral, or bad) followed by three ratings on a scale of 1 to 7 for correctness, usefulness, and timing. For questions on correctness and usefulness, a rating of 1 indicated positive agreement with the statement and 7 indicated negative disagreement with the statement. For the question on timing, a rating of 4 indicated that the time was just right, whereas a rating of 1 indicated that the alert was too early. Conversely, a rating of 7 indicated that the alert was too late.
As shown in Figure 6 , overall, 48% of the alerts were rated as good by the drivers, 35% as neutral, and only 13% were rated as bad. The mean rating for the correctness was 3.1 (SD = 2.0), and the mean rating for usefulness was 3.4 (SD = 1.5), indicating that overall, the opinion of the alerts was slightly better than neutral on the scales of correctness and usefulness. To look at the data another way, drivers agreed with or were neutral toward 77% of the alerts in terms of correctness, and drivers agreed with or were neutral toward 75% of the alerts in terms of usefulness. For the timing, 41% of the alerts were rated as having good timing, but 48% of the alerts were rated as early. Only 11% of the alerts were rated as late. Further analysis into the comments made regarding the alerts marked as early reveals that the alerts marked as early came about 90 s (SD = 30) before the end of the queue. In the cases where the alerts were rated as late, there were no patterns in the timing, but the comments suggested that drivers were either expecting or could already see the traffic slowdown at the time of the alert.
discussion of Results
Over the 48 driver-weeks of the study, no crashes or near-crashes were reported, but the foresighted driving ADAS correctly identified over 800 end-of-queue approaches and provided over 400 audible alerts. On the basis of surrogate safety metrics and driver ratings and comments, the foresighted driving ADAS was found to have a subtle but positive influence on driver behavior. Small but statistically significant reductions in both the peak and mean deceleration rates were associated with the presence of the audible ADAS alerts during morning and off-peak travel, and there was an overall reduction in the RMSE of the deceleration profile, a measure of the smoothness of the deceleration profile, between the baseline and the alert conditions.
Since drivers only spent one week with the alert system active, long-term driver adaptation to the alerts cannot be estimated from this study. Furthermore, the limited size of the study also prohibits any investigation into potential alert location effects. Although a number of SpeedInfo sensors were added for this project at locations in the San Francisco Bay Area with a high incidence of end-of-queue rearend crashes (such as blind curves), not enough alerts were generated in any of these known locations to try to estimate the effect that road characteristics might have on the alert effectiveness.
One potential criticism of this study centers on the relatively small magnitude of the reductions in peak and mean deceleration rates. Although the rates were statistically significant, it is difficult to make a case for the practical significance of deceleration rates that differ by only 0.01 g. However, the drivers pointed out that the system was perceived as most useful when it alerted them of unexpected traffic slowdowns, and the protocol used in this study focused mostly on the familiar traffic patterns found during the drivers' commutes. Furthermore, the generalized linear models used in the statistical methods test for mean differences between conditions. If the system provides the most benefit when it alerts drivers to unexpected slowdowns, perhaps future studies should incorporate statistical methods more sensitive to reductions in the tails of the distributions rather than focusing on mean changes in deceleration rates.
A second potential criticism of the study centers on the occurrence of false alarms. Over 1,300 alert conditions were recorded by the foresighted driving ADAS, but only about 800 were analyzed and presented in this paper. Approximately 40% of the alert conditions recorded in the study were found to be false alarms. False alarms were due to many reasons, including inaccurate traffic data, latencies, imprecise estimation of the location of the end of the queue, lack of lane-specific traffic data, and a lack of knowledge of the driver's route. In a number of cases, drivers received a correct alert regarding slowed traffic ahead, but the information was irrelevant since the driver intended to exit the freeway before he reached the queue. The high frequency of false alarms may have affected the drivers' perception of the ADAS system and their subsequent behavior after receiving an alert. The issue of false alarms is certainly one that will need to be addressed in future research.
The system that was built and tested in this experiment relied on commercial sources for traffic speed estimation. However, these data sources can often provide an overly simplified view of the traffic situation, and the actual location of the end of the queue may not be known unless it occurs near a sensor location. Although commercial traffic data sources may become denser with time, one approach to improving the data quality may also be accomplished through traffic modeling, as was done in the University of California, Berkeley, mobile millennium project (21, 22) , also funded under the SafeTrip-21 Initiative. By using traffic modeling techniques, traffic slowdowns and end-of-queue locations might be estimated even when they do not coincide with a physical sensor location. Instead of providing warnings at fixed trigger points upstream from physical sensor locations, an improved system might estimate the propagation of an end of the queue and more dynamically warn approaching drivers.
As a final criticism of this study, one of the potential use cases for the foresighted driving ADAS is to aid in preventing end-of-queue crashes that might be due to driver distraction at an inopportune moment. Unfortunately, driver distraction could not be examined in this study. The sample consisted of self-selected, safety-conscious drivers who pledged to abstain from cell phone use while driving for the duration of the study. Although not all of the video was examined, of the video that was examined, no cases were noted in which a soft safety warning occurred while a driver was engaged in a cell phone call or was otherwise distracted. Since driver distraction is frequently associated with rear-end crashes, a larger study involving less conscientious drivers may reveal further ADAS benefits.
The purpose of this study was to test the feasibility and assess the initial effectiveness of a foresighted driving ADAS capable of providing drivers with soft safety alerts regarding slow traffic ahead in order to help reduce freeway end-of-queue crash risk. The experiment hypothesis was that providing drivers with these kinds of alert will result in smoother deceleration profiles as they approach dangerous end-of-queue traffic scenarios. Despite its limitations, this study does show that the auditory alerts were associated with smoother deceleration profiles and that a foresighted driving ADAS has both promise and potential as a means of influencing a driver's behavior and reducing freeway end-of-queue crash risk.
